I. INTRODUCTION
Permanent magnet synchronous machines (PMSM) are used in many industrial application and household appliances because they offer a highly efficient, high power-density, low size alternative to other machines such as induction machine (IM) and switched reluctance motor (SRM) [1] . However, PMSM has torque ripple which referring to a periodic increase or decrease in output torque as the motor shaft rotates. Torque ripple generates the mechanical vibration and the acoustic noise [2] - [4] .
The general dynamic modeling of the PMSM is derived using a two phase machine because this approach has the conceptual simplicity with only one set of two windings on the stator [5] . The method is used for performance simulation and control system design [6] . However, the parameters of the PMSM, d and q inductances, vary load condition and current phase angle. The variation of the parameters affects the output characteristics such as output torque and velocity [7] . For this reason, in order to improve the accuracy in the performance of dynamic modeling, the d and q inductances data calculated by finite element analysis (FEA) and Experiment is applied in the modeling of the PMSM. However, it cannot derive the torque ripple characteristics because of the interaction between the flux of the PM and the stator teeth. To overcome the drawbacks, an improved method is presented for computation of the back electromotive force (BEMF) harmonics using the fast fourier transform (FFT). This method allows the torque ripple to be calculated with the BEMF harmonic according to the machine speed.
Therefore, the improved modeling, based on the FFT result of the BEMF, is proposed for the PMSM. The performance of the PMSM with torque ripple characteristics is simulated with the use of the proposed modeling. This paper present the analysis method for the accurate modeling considering the non-sinusoidal BEMF and is verified by comparison with experimental result.
II. COMPUTATION OF HARMONICS BY FEA

A. FEA Result
The designed specification of the PMSM is listed in Table I , and the PMSM structure and a potential distribution using the FEA are illustrated in Fig. 1. Fig. 2 shows the phase BEMF and FFT result for the PMSM. The phase back EMF has 5th, 9th and 11th order harmonics. The 5th order harmonic component is dominant, the magnitude of this component is 8.2% of the fundamental component. The PMSM parameters are listed in Table II . Fig. 3 shows the stator and rotor of the PMSM. Fig. 4 shows the measured the BEMF at 1000rpm and FFT result. Compared with Fig. 2 , the magnitude of the BEMF is lower than FEA result. However, the calculated harmonics from the machine are about similar than the FEA estimated one.
B. Experimental Results
III. MODELING OF PMSM
A. Conventional Modeling
The three phase voltage equations for the PMSM can be written as follows:
Based on the three phase voltage equations and transformation matrixes, the stator voltage equation is represented by the rotating reference frame [8] . 
The electromagnetic torque is the result of the sum of different components as follows:
The first component is the magnetic torque and second component is the reluctance torque [10] . 
B. Proposed Modeling
From (4), the electromagnetic torque has another component. The third component represents the ripple torque that appears because of the interaction between the flux of the PM and the stator teeth. From (1), the three phase flux linkages are represented by: 1 5 7 11 13 sin( ) sin (5 ) sin (7 ) sin(11 ) sin(13 ) ... 
where, λ f1 is fundamental magnitude of PM flux linkage and λ f5~ λ f13 is harmonics magnitude of the interaction between the flux of the PM and the stator teeth. From (2) 
Based on the d and q voltage equations and the BEMF data of experimental result, Fig. 6 (a) shows the proposed modeling of the PMSM using PSIM. Fig. 6 (b) shows the block diagram of the PMSM controller to determine the output characteristics of the PMSM. IV. COMPARISON OF OUTPUT CHARACTERISTICS Fig. 7 shows the comparison of the torque and phase current for the conventional modeling, experimental result and proposed modeling at 1000rpm and 17.6Nm. For the conventional modeling, the phase current is the sinusoidal wave and output torque does not have a ripple. However, for the experimental result, the phase current and output torque have a ripple. In the case of the proposed modeling, the output characteristics are similar than the conventional modeling. 
V. CONCLUSION
The general dynamic modeling is not able to determine the torque ripple characteristics because this modeling has only the magnetic and reluctance torque with the torque ripple component. Therefore, in this paper, the improved dynamic modeling of PMSM with torque ripple characteristics is proposed. The proposed modeling include the non-sinusoidal BEMF harmonics based on FEA and the experimental result. It is verified through the definition of equation, FEA and experimental result.
